subsequently lead to the formation of 1-hydroxyethyl radicals (CH 3 . CHOH) via a Fenton or a Haber-Weiss reaction arising Ethanol was given to male Wistar rats as an acute dose secondarily to the iron-catalysed formation of hydroxyl radicals (5 g/kg) or continuously at 5% (w/v) in a liquid diet to (OH . ) (1, 3, 4) . These reactions are, however, insensitive to provide 36% of the caloric requirement. Free radicals scavengers of hydroxyl radicals; therefore, the generation of generated in the liver were collected as a stable adduct in the 1-hydroxyethyl radical may arise via the direct catalytic bile following the in vivo administration of the spin trapping formation of an ethanol radical by abstraction of a hydrogen agent α-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN;
atom from ethanol at the active site of CYP (5) .
mg/kg). [1-13 C]ethanol was used to confirm the forma-
Elevated levels of reactive oxyradicals caused by ethanol tion of the 1-hydroxyethyl radical and to demonstrate that may also arise as a consequence of an increase in the NADH/ this was ethanol-derived in the case of the single-dose NAD ϩ redox ratio or as a result of the release of iron (6), treatment. Free radical production increased up to 1 h which has also been associated with an increased cellular after the acute dose and then plateaued over the next NADH/NAD ϩ ratio (7) . For example, an enhanced release of 30 min. During chronic exposure to ethanol, free radical iron from ferritin, a major storage form of iron within cells, generation increased significantly after 1 week and then resulted from the elevated levels of ethanol-induced CYP 2E1 declined again to remain at a low level over the next 2 which increased the generation of O 2 . -and was effective in weeks; this transient increase corresponded closely with stimulating lipid peroxidation in the presence of NADPH and the induction of cytochrome P-450 2E1 (CYP 2E1) in ethanol-treated microsomes (8, 9) . response to ethanol feeding. Single-cell electrophoresis was used to investigate effects on DNA. After an acute dose of Kupffer and endothelial cells are activated after recovery ethanol, the frequency of single-strand breaks increased from an acute ethanol 'binge' and produce significant amounts from 1 h to peak at 6 h but then declined again to control of O 2 . - (10) ; when Kupffer cells were isolated from ethanolvalues by 12 h. During the chronic exposure, an increase fed rats they showed a significantly increased production of in the frequency of DNA breaks was seen at 3 days, reached ROS and lipid peroxidation, compared with those from paira peak at 1 week and then decreased slowly over the next fed controls (11) . Conversely, the destruction of Kupffer cells 5 weeks. The effects of antioxidants on these parameters by chronic treatment with gadolinium chloride decreased the was investigated after an acute dose of ethanol. Presignal intensity of 1-hydroxyethyl radicals in the bile of chronic treatment with vitamin C (400 mg/kg, i.p., daily for 5 days)
ethanol-treated rats (3). or vitamin E (100 mg/kg, i.p., for 5 days) prior to the Aerobic organisms are normally protected by a defence administration of ethanol (5 g/kg) inhibited generation system against oxidative damage which is induced by reactive of the 1-hydroxyethyl-POBN adduct by 30 and 50%, radicals. The antioxidant system comprises various compounds respectively, and both agents prevented the increased with different functions. These include enzymes (e.g. catalase, frequency of DNA single-strand breaks caused by ethanol.
glutathione peroxidase, glutathione transferase, DT diaphorase The significance of the temporal coincidence of changes in and superoxide dismutase) and the sequestration of metals the above parameters in response to ethanol is discussed.
(e.g. iron, copper and hence by chelating agents), all of which suppress the generation of free radicals. In addition, hydrophilic and lipophilic compounds (e.g. vitamin C and vitamin E) Introduction which can act by scavenging or suppressing the generation of free radicals, are also important for control of intracellular As interest has increased in the possible roles of oxidative levels. Vitamin C is a water soluble antioxidant which protects stress and the generation of reactive radicals in the effects of cells from oxidative stress by scavenging free radicals. arising from microsomal NADPH-dependent electron transfer
In vivo detection of DNA strand breaks by single-cell electrophoresis
and the oxidation of the ethanol metabolite, acetaldehyde (26) .
Single-cell suspensions. Liver was removed immediately after the animal was killed by stunning followed by cervical dislocation. One lobe was perfused
There was a significant increase in the number of in vivo induced DNA fragmentation and cell death was also observed (w/v) collagenase and gently disrupted and filtered through two cell strainers of 100 and 50 µm, respectively.
in mouse thymocytes (29) . Ethanol alone, however, did not
Comet analysis. Cell suspensions were prepared for comet analysis as induce in vitro DNA strand breaks in human lymphocytes, described previously (36). Briefly, the embedded cells were lysed in 1 l of whereas acetaldehyde induced both single-and double-strand ice cold lysis buffer (2.5 M NaCl, 100 mM EDTA and 10 mM Tris, pH 10.5) breaks ( Free radicals can be detected using spin trapping agents and were dried overnight at room temperature. Following rehydration in distilled water for 30 min, the slides were stained with propidium iodide (2.5 µg/ml) they have been used previously to demonstrate the increased for 30 min then washed with distilled water for 1 h. Slides were then analysed generation of 1-hydroxyethyl radical both in vitro (33) and immediately or stored dry at room temperature until analysis.
in vivo (34). Using these procedures (34), we have followed Comet analysis was carried out using a Zeiss epifluoresence microscope the effects of acute and chronic doses of ethanol on the equipped with an intensified solid-state CDD camera and image analysis system. The slide was illuminated with green light from a 50 W mercury generation of free radicals and we have further attempted to lamp with an excitation of 580 nm and a barrier filter of 590 nm; individual correlate free radical generation with the evolution of DNA comets were viewed at 250ϫ magnification. Twenty-five cells were analysed strand breaks using single electrophoresis. Results of these randomly for each slide and duplicate slides were analysed for each sample. studies indicate that ethanol-induced DNA damage is mediated DNA strand breaks were quantified using the parameter 'Comet Distant by free radicals and that both can be significantly inhibited by Moment' which is defined as: Dϫpercentage DNA in the comet tail; D is the distance between the means of the head and tail distributions (37) . Under prior treatment with antioxidants. these experimental conditions, using a 137 Cs source (0.4 Gy/min), 10 Gy Xirradiation yields a comet distance moment of 36 Ϯ 2.3.
Materials and methods

Cell viability testing
Single cell suspensions (100 µl) were mixed with 800 µl Hanks buffer and Chemicals 100 µl 3% Trypan blue and placed on ice for~5 min. Cell mixtures (~20 µl) [1-13 C]ethanol was purchased from ICN Biochemicals Inc., OH. All other were transferred to a haemocytometer for determination of cell viability. The cell viability of the liver tissue preparations used in this study was~90%. chemicals were obtained from Sigma Chemical Company (Poole, Dorset, UK). A single oral dose of ethanol (5 g/kg) was administered to rats (~200 g body wt); water was given to control animals. After 30 min, the bile duct was canulated, POBN was infused and bile samples were collected for 10 min periods commencing 5, 35 and 55 min after POBN infusion. The spectrum of the 1-hydroxyethyl-POBN adduct was determined by ESR analysis (A) and the intensity of the peak of POBN adducts was measured (B); each data point is the mean Ϯ SE from four animals.
Statistical evaluation
Differences between the means of two groups were tested by the Student's ttest; statistical significance was indicated when the P-value was Ͻ0.05.
Results
Acute ethanol treatment
Generation of 1-hydroxyethyl radicals. Acute ethanol treatment . These values were similar to those reported previously **, significantly different from control value at P Ͻ 0.05 or P Ͻ 0.01, respectively.
for the 1-hydroxyethyl radical adduct of POBN in aqueous solution (3, 34) . The signal appeared rapidly in all bile samples from ethanol-treated rats after POBN injection and the signal breaks in liver from ethanol-treated rats was increased signiintensity increased with time. This signal was not detected in ficantly 1 h after ethanol treatment; it reached a peak after 6 h untreated animals as shown in Figure 1B .
and then returned to the control level at 12 h post-treatment. Confirmation that the 1-hydroxyethyl adduct so formed was Chronic ethanol treatment ethanol derived, was obtained by administering [1-13 C]ethanol to rats. The ESR spectrum of the [1-13 C]ethanol/POBN adduct Generation of free radicals. The effect of short-and long-term low-level exposure to ethanol on the generation of free radicals in bile gave a 12 line spectrum (a N ϭ 15.6 G, a H ϭ 2.5 G and a 13C ϭ 4.1 G), resulting from the additional splitting due was studied from 3 days up to 6 weeks in rats maintained on a liquid diet containing 5% (w/v) ethanol. to 13 C in the spin adducts ( Figure 2B ). Interference by ascorbyl radicals was also detected as the center doublet signal with a
The results showed that the signal intensity of the POBN adducts generated in bile was increased significantly in the hyperfine splitting of a H ϭ 1.8 G ( Figure 2B ). Comparable results were obtained following in vitro generation of the 1-ethanol-fed animals after 1 week of feeding ( Figure 4) . However, the POBN adduct was also observed in bile from hydroxyethyl-POBN adduct by UV photolysis of H 2 O 2 using either 20 mM ethanol or 20 mM [1-13 C]ethanol ( Figure 2C pair-fed controls and this component could have arisen from the interaction of endogenous lipid and POBN, since the and D). Ethanol-induced DNA strand breaks. A single oral dose of adduct of the lipid radical and POBN gives rise to an ESR spectrum which resembles that of the 1-hydroxyethyl-POBN ethanol (5 g/kg) produced strand breaks in rat liver DNA. The profile (Figure 3) , shows that the frequency of DNA strand adduct (38). vitamin E) on the hepatic generation of 1-hydroxyethyl-POBN adducts after diet on hepatic free radical generation. Bile samples from pair-fed controls acute ethanol treatment. Groups of four rats (~200 g body wt) were given or ethanol-fed rats were collected at various intervals over the 6 week vitamin C (400 mg/kg, i.p., daily for 5 days), vitamin E (100 mg/kg, i.p., period. At each interval, 90 min after POBN injection, samples were daily for 5 days) or a comparable volume of vehicle. After pre-treatment, a collected for a period of 10 min and analysed as described in Figure 1 ; each single oral dose of ethanol (5 g/kg, i.g.) was administered; water was given data point is the mean Ϯ SE from three to nine animals. *, Significantly to the control group. Bile samples were collected and analysed as described different from the corresponding control value at P Ͻ 0.05.
in Figure 1 ; each data point is the mean Ϯ SE from four animals. * and**, significantly different from the corresponding control value at P Ͻ 0.05 or P Ͻ 0.01, respectively.
Fig. 5.
Time-course effect of ethanol (5%; w/v) administered in a liquid diet on the induction of hepatic DNA strand breaks. Strand breaks in the liver DNA of pair-fed controls or ethanol-fed rats were determined after 3 day and 1, 4 and 6 week periods of feeding as described in Materials and Fig. 7 . Effects of antioxidant pre-treatment (vitamin C or vitamin E) on methods; each data point is the mean Ϯ SE from four animals. *, strand breaks induced in hepatic DNA by acute ethanol treatment. Groups Significantly different from the control value at 3 days at P Ͻ 0.05; ** and of five rats (200 g body wt) were given vitamin C (400 mg/kg, i.p., daily ***, significantly different from the corresponding control value at P Ͻ for 5 days), vitamin E (100 mg/kg, i.p., daily for 5 days) or the comparable 0.05 or P Ͻ 0.01, respectively.
volume of vehicle as detailed in Figure 6 . Ethanol (5 g/kg, i.g.) was given to all groups except the controls, which were given water. The incidence of DNA strand breaks was determined 6 h after treatment as described in Materials and methods; each data point is the mean Ϯ SE from four to six Ascorbyl radicals were also observed in bile from both animals. * and **, significantly different from ethanol-treated value at P Ͻ ethanol-treated animals and pair-fed controls.
0.05 or from the control value at P Ͻ 0.05.
Ethanol induced DNA strand breaks. Ethanol-induced DNA Vitamin C pre-treatment (400 mg/kg, i.p., daily for 5 days) strand breaks were also observed in rats fed a liquid diet significantly reduced the signal intensity of ethanol-generated containing 5% (w/v) ethanol for a period of 6 weeks.
1-hydroxyethyl radicals by~28%. The inhibitory effect was Figure 5 shows that the ethanol-containing liquid diet more pronounced when vitamin E pre-treatment (100 mg/kg, induced significant levels of hepatic DNA damage at 1 week i.p., daily for 5 days) was employed; this decreased the and throughout the 6 weeks of feeding when compared with formation of 1-hydroxyethyl radicals by~53%. the isocaloric pair-fed controls. The incidence of DNA strand breaks in ethanol-treated animals showed a maximum after 1 DNA strand breaks. Pre-treatment with the antioxidants week and then gradually decreased over the next 5 weeks.
vitamins C or E as described above, also prevented the DNA The frequency of DNA strand breaks also increased in the liver strand breaks induced by acute ethanol treatment, reducing the of control animals, but this occurred slowly and progressively levels to approximately those seen in the controls (Figure 7 ). throughout the study period, so that after 4 and 6 weeks of feeding the value was significantly greater than that seen at Discussion 3 days.
The present study supports previous observations on the Inhibitory effects of antioxidant treatments generation of 1-hydroxyethyl radicals by ethanol in vivo and further demonstrates that the production of 1-hydroxyethyl Free radical production. The generation of 1-hydroxyethyl radicals following an acute dose of ethanol can be inhibited radicals can be prevented by antioxidants (vitamins C or E). It also shows that the generation of free radicals, possibly significantly by pre-treatment with vitamin C or vitamin E as shown in Figure 6 . including 1-hydroxyethyl radicals and lipid radicals, can be detected in vivo after low levels of ethanol exposure as DNA backbone (43) . Other possibilities for the production of acetaldehyde-induced DNA breaks may involve cytogenetic observed after 1 week of feeding with a liquid diet containing 5% (w/v) ethanol.
events following the formation of DNA-DNA or DNA-protein crosslinks (31, 32) . Acetaldehyde is also a highly reactive It has been reported that the metabolic activation of high concentrations of ethanol are mediated predominantly by the electrophile and can react with DNA to form DNA adducts, e.g. N 2 -ethyl-2Ј-deoxyguanosine which can be detected in microsomal ethanol oxidizing system (MEOS), because this cytochrome P-450 has a high K m value for ethanol oxidation granulocyte DNA from alcoholic patients and when human buccal epithelial cells are exposed to acetaldehyde (44) (45) (46) . (39, 40) . ROS including O 2 . -and H 2 O 2 can be generated in microsomes during NADPH-dependent electron transfer and
The removal or repair of such DNA lesions may then initiate the production of DNA strand breaks. the oxidation of the ethanol metabolite, acetaldehyde, via the catalytic activities of xanthine oxidase and aldehyde oxidase A significant induction of hepatic DNA strand breaks was also observed in ethanol-treated rats throughout a 6 week (26) . These reactive agents may serve as precursors of OH . and, in the presence of ethanol, will eventually lead to the period of maintenance on a liquid diet containing ethanol (5%; w/v) which lead to blood ethanol concentrations of 153 mg/ production of 1-hydroxyethyl radicals. Thus, it is possible that ethanol-generated ROS derived from MEOS and acetaldehyde dl (data not shown); this increased frequency of strand breakage may thus reflect the situation that occurs in chronic alcoholics. play an important role in the formation of 1-hydroxyethyl radicals following acute ethanol exposure.
From a time-course study, the maximum incidence of ethanolinduced DNA strand cleavage was observed at 1 week and Ethanol is a strong inducer of CYP 2E1. This isozyme has a high NADPH oxidase activity leading to the production of was correlated with the profile of ethanol-generated free radicals. The evidence, therefore, also supports a possible large amounts of O 2 . -and H 2 O 2 (41) and in agreement with this, ethanol-treated microsomes produced a highly significant association between the generation of free radicals and the formation of hepatic DNA strand breaks. In agreement with generation of O 2 . -and OH . in an in vitro system, as shown using spin-trapping ESR techniques (1) . CYP 2E1 may thus these observations, others have also reported a significant correlation between the magnitude of ethanol-derived play a role in the generation of 1-hydroxyethyl radicals and this association was demonstrated in vitro (42) . We have radicals, the 1-hydroxyethyl radical, and the severity of liver pathology (3, 47) . demonstrated in a time-course study of the 5% (w/v) ethanol liquid diet model using western immunobloting, that the It seems possible therefore, that these ethanol-induced hepatic DNA strand breaks could be mediated by free radical maximum induction of the CYP 2E1 protein occurred at 1 week (P.Navasumrit, P.J.O'Connor, N.J.Nair, N.Frank and formation resulting from the induction of CYP 2E1. The potentially important role of CYP 2E1 in this sequence of H.Bartsch, manuscript in preparation). This sequence of events was comparable with that seen for the induction of ethanolevents leading to the formation of DNA strand breaks was demonstrated by Kukielka and Cederbaum (8) . They showed generated free radicals as determined by the signal intensity of POBN adduct in bile, which also occurred at 1 week and that incubation of plasmids with ethanol-treated microsomes containing NADPH or NADH and iron (in order to generate together they indicate a possible correlation between the induction of CYP 2E1 and the in vivo generation of free OH . ), resulted in the formation of DNA strand breaks and that this effect was inhibited completely when anti-CYP 2E1 IgG radicals. In this study, POBN adduct signals were also observed in the bile of pair-fed controls. These were probably due to was added into the reaction mixture.
The antioxidant pre-treatment data clearly indicated that free radicals derived from endogenous lipid peroxidation products which also interact with POBN to produce POBN both vitamin C or E can prevent the generation of 1-hydroxyethyl radicals following acute ethanol treatment. The adducts and give an ESR spectrum fairly similar to that of the 1-hydroxyethyl-POBN adduct, as reported by Buettner (38). mechanisms involved in these inhibitory effects against 1-hydroxyethyl radical formation, however, are not well POBN adducts in pair-fed control animals have also been reported by others (19).
established. These antioxidants probably exert their effects through their ability to scavenge reactive oxidants. Vitamin C Data from this current study also indicate that ethanol induces DNA strand breaks in rat liver. An increased incidence is a hydrophilic antioxidant and also a strong reducing agent which reacts rapidly with O 2 . -and more rapidly with OH . of DNA strand breaks was observed both in the acute treatment model and also at a lower level of ethanol exposure when a (48) . Consequently, vitamin C pre-treatment could prevent 1-hydroxyethyl radical formation by quenching reactive oxyliquid diet containing ethanol (5%; w/v) was administered. This was in agreement with previous reports in which ethanolradical intermediates. In addition, Stoyanovsky et al. (49) reported that vitamin C inhibited the formation of the 1-induced DNA breaks were observed when rat hepatocytes were incubated in cell culture (28) and in rat brain cells hydroxyethyl/PBN adduct and rapidly reduced the pre-formed adduct in an in vitro system. Vitamin E also reacts with oxygen following a single oral dose of ethanol (27). The underlying mechanism of acute ethanol-induced hepatic DNA strand radicals, i.e. with the superoxide-generating system; however, the efficiency of radical scavenging by vitamin E depends on breaks may involve the effects of ethanol oxidation which contributes to the generation of ROS and acetaldehyde, as the attacking radical species. It has been shown that vitamin E is a potent scavenger of peroxyl radicals, but it is unlikely discussed above. The reasons for the increase in strand breaks in the control animals are less clear. They may arise partially that it scavenges hydroxyl radicals efficiently in vivo (16). In the present study, vitamin E pre-treatment (100 mg/kg; i.p., 5 as a result of maturation (i.e. age dependent) and possibly as an effect of the restricted caloric intake. days) significantly inhibited ethanol-generated 1-hydroxyethyl radicals and the inhibitory effect was more pronounced comThe effect of acetaldehyde in the production of DNA strand breaks may be mediated via the generation of free radicals by pared with vitamin C pre-treatment (400 mg/kg., i.p., 5 days): it is possible, therefore, that 1-hydroxyethyl radicals are aldehyde oxidase as suggested by Fridovich (26); these reactive radicals can then attack DNA, leading to cleavage of the generated within the vicinity of a lipid compartment of the intermediates in alcoholic liver disease in rats in vivo. Alcohol Clin. Exp.
cell. In agreement with the observation that CYP (which is
Res., 20 (suppl.), 335A-339A.
located at the membrane of the smooth endoplasmic reticulum) 
